Introduction
Recently, research and development into lightweight vehicles has become quite active in order to reduce carbon dioxide emissions. Magnesium (Mg) and its alloys are one of the most promising materials for weight reduction in a vehicle, 1 because Mg has a low specific weight, lower than those of aluminum and steel by 35 and 78%, respectively.
Magnesium, however, has a high oxygen affinity, and it is well known that concentrations of dissolved oxygen would cause some problems. For example, oxygen in Mg as non-metallic inclusions of magnesium oxide (MgO) reduces its strength. [2] [3] [4] Hence, a substantial need to evaluate the oxygen concentration in Mg is emerging. In general, the determination of oxygen content in metals by inert gas fusion-infrared absorptiometry (IGF-IRA) analysis has been widely adopted. 5 In this method, a sample is fused in a graphite crucible, under a flow of an inert gas, such as helium. The amount of carbon monoxide gas produced as a result of the reaction of oxygen with carbon is analyzed by infrared absorptiometry.
However, the application of IGF-IRA to Mg is not straightforward. The boiling point of Mg, 1090 C, is much lower than the temperature of MgO that reacts with carbon (higher than 2500 C). Therefore, the sample could boil over from the crucible at temperatures higher than 1090 C at a higher rate, thereby reducing the apparent oxygen content measured in the IGF-IRA analysis. In addition, Mg vapor has a very high chemical activity for carbon monoxide (CO) gas, precluding measurements of CO by the redox reaction between Mg and CO.
In the present work, to circumvent the difficulties arising from the nature of Mg, we investigated the introduction of a multistep heating procedure, with the addition of tin (Sn), to existing IGF-IRA analysis. By optimizing the multistep heating process, we enabled the removal of Mg from the eutectic mixture of Mg and Sn, and the transfer of MgO from the mixture into residual Sn. The validity of this process was examined experimentally.
Experimental

Samples and apparatus
Test materials were pure Mg in the form of a bulk specimen purchased from Osaka Fuji Co. and three standard materials (C61XMGP10, C67XMGF30, and C68XMGH40) in the form of chips purchased from MBH Analytical Ltd. The first sample from MBH were pure Mg, and remaining two were rare earth-containing Mg alloys. All materials were formed in a cylindrical shape of 7 mm in diameter and 4 mm in length by coring from a bulk specimen with a core drill, or by compressing chips with a die under a pressure of around 20 MPa. Concerning the material from Osaka Fuji Co., chips were formed by turning of a bulk specimen. As a control, charged particle activation analysis (CPAA) was carried out by a third-party laboratory (SHI Experimentation & Inspection Ltd.) using a cylindrical sample, 20 mm in diameter and 5 mm in length, which was formed in the same manner as described above.
Oxygen analysis was conducted using a LECO TC-436 Model oxygen/nitrogen determinator, which was calibrated using high-purity magnesium oxide or yttrium oxide. The samples were heated with a tin pellet (LECO 761-739 Model) in a graphite crucible (LECO 782-720s Model). X-ray fluorescence A method for the determination of the oxygen content in magnesium and magnesium alloys has been developed. Inert gas fusion-infrared absorptiometry was modified by introducing a multistep heating process; a sample containing oxygen is fused with tin to form an eutectic mixture at 900 C in a graphite crucible, followed by a subsequent gradual temperature increase of up to 2000 C, which enables the evaporation of magnesium from the mixture, and subsequent solidification at the rim of the crucible. Residual tin including magnesium oxide remained at the bottom of the crucible. The oxygen in the tin is measured by a conventional inert gas fusion (IGF) method. From a comparison with the results of charged particle activation analysis, the IGF method is considered to be an attractive candidate for measuring the oxygen content in Mg and its alloys. analysis of the solidified tin following the test described below was also performed using a Shimadzu Model XRF-1500. Figure 1 shows a schematic of the measurement procedure. The essence of this procedure is to separate MgO and Mg from each other. An example of the CO gas extraction rate from MgO enclosed in a tin capsule, and the corresponding applied power, are plotted against the elapsed time in Fig. 2 . Gas extraction resulting from the reaction between MgO and carbon seemed to start after an elapsed time of around 170 s, corresponding to an applied power of about 2500 W. The applied power can be converted to the crucible temperature by a calibration curve obtained from the relationship between the melting points of standard materials and the power required for melting. The melting of material in the crucible can be identified by visual observations. Figure 3 shows the calibration curve obtained from the data of five standard materials: copper (melting point 1089 C), nickel (1452 C), chromium (1903 C), molybdenum (2617 C), and tungsten (3400 C). The following quadratic regression was obtained:
Measuring operation
where T is the crucible temperature and P the applied power. From the calibration curve, an applied power of 2500 W, where gas extraction started as shown in Fig. 2 , was calculated so as to correspond to the temperature of a graphite crucible of 2033 C. Since this temperature is higher than the boiling point of Mg, boiling over from a crucible is highly likely in the measurement of Mg samples. Furthermore, Mg vapor at these temperatures is sufficiently active as to react again with CO extracted from MgO. This active metal vapor interference is known as "gettering", a term used in the aluminum industry. 5 Since the chemical activity of Mg vapor is far beyond that of aluminum, Mg and MgO must be thoroughly separated from each other prior to applying IGF-IRA. For these reasons, a sufficiently long dwell time for heating at a specified temperature below the boiling point of Mg is necessary.
To enable the evaporation of Mg without boiling, we resorted to making an eutectic mixture with Sn, which has a boiling point of 2602 C. During mild heating of the mixture, Mg is expected to be evaporated, and subsequently solidified at the rim of the crucible, leaving MgO remaining in the mixture in the crucible. Following the separation of Mg, the MgO-containing mixture in the crucible is subjected to IGF-IRA using a new crucible. Considering the CO gas extraction rate profile in Fig. 2 , it is reasonable to heat to the temperature beyond that where the gas extraction terminates; here, we chose 5100 kW, corresponding to 3400 C, as the heating temperature for IGF-IRA. The testing procedure described above is summarized as follows: 1) A sample and a tin pellet are set in a crucible. Both of them are heated to form an eutectic mixture to 900 C with a dwell time of 400 s. 2) Then, the temperature is gradually raised to 2000 C over a period of 1000 s, followed by a dwell time of 200 s. During this procedure, Mg is evaporated and consecutively solidified at the rim of the crucible, whereas tin including MgO remains at the bottom as a residue. 3) Following cooling down to room temperature, the solidified tin is picked up and placed in another pre-cleaned crucible. Subsequent heating at 3400 C allows the oxygen decomposed from MgO in the tin to react with carbon in the crucible to form gaseous CO, which is measured by an IR detector. Figure 4 (A) shows, from left to right, the appearance of a Mg sample, a tin pellet and a carbon crucible before the measurement. Figures 4(B) to 4(D) exhibit the changes in the appearance of the eutectic mixture of Mg and Sn and the crucible in sequential order during the measurement. Firstly, the Mg sample and the tin pellet were fused to form a eutectic mixture at about 900 C (Fig. 4(B) ). At this point, a small amount of solidified Mg was already observed on the inside surface near the rim of the crucible. Then, the crucible was heated gently up to 2000 C, and then kept at 2000 C for 200 s; Mg was evaporated from the mixture, and solidified prominently at the rim of the crucible (Fig. 4(C) ). Following cooling down to room temperature, the weight of mixture was reduced to nearly the same level as that of the tin pellet before test, indicating that almost all of Mg was separated from the mixture. The solidified removed Mg was placed between the mixture and the crucible (Fig. 4(D) ). Analytical results of oxygen in the solidified tin in the crucible are given in Table 1 . These samples were originally made of machining chips. They should have a large surface area, and it is therefore inferred that the measured value represents the oxygen content of surface oxide of the sample. Blank values obtained by measuring a tin pellet without Mg was about 0.0001 mg. Consequently, the analytical results given in Table 1 can be considered to be the oxygen content of oxide in the Mg sample.
Results and Discussion
Separation of Mg from the eutectic mixture
Multi-sample measurements
In order to verify the measurement operation described in the Measuring operation section, the Mg separation process was repeated for a couple of samples, using the same single tin pellet; the pellet was repeatedly used throughout the separation process. Subsequently, the oxygen content was determined by the IGF-IRA method. The oxide in the samples was expected to accumulate in the tin pellet, resulting in an increase in its oxygen content proportional to the sample weight. Figures 5(A) to 5(C) indicate the relationship between the oxygen content and the weight of the samples. Although the oxygen content had somewhat large variations, a pronounced proportionality can be observed in the figures. This demonstrates that the measured oxygen was actually derived from the samples. Furthermore, it is also implied that no decomposition of oxide in the sample occurred during the separation process. The X-ray fluorescence spectra of the solidified tin that contains the oxide from samples of around 0.8 g are shown in Fig. 6 . The spectra were taken at the upper and bottom surfaces of solidified tin; the latter was in contact with the bottom of the crucible. The spectra for the upper surface shown in Fig. 6(A) indicates the presence of Mg and oxygen, whereas those for the bottom surface show their absence. From these results, it is inferred that the metallic Mg thoroughly evaporated from the tin, and that MgO, which has a lower density than that of Sn, remained as a thin layer on the upper surface.
Comparison to charged particle activation analysis
In order to verify the accuracy of the analytical results obtained by applying the IGF-IRA method to Mg, charged particle activation analysis was also carried out. Table 2 gives the results for pure Mg from Osaka Fuji Co. Three types of samples were used for the measurement: a bulk specimen (No. 1), a 0.2-mm thick machined chip made by turning in air (No. 2), and the same chip, but subjected to a humidified atmosphere for three days, followed by drying with heating at 350 C (No. 3). The No. 1 specimens were utilized for the measurement without removal of the oxide on the surface. The analytical value of oxygen seems to be sensitive to surface oxide, which is presumed to be formed during coring from a bulk specimen. From the results of No. 1 specimens, however, the amount of the surface oxide was estimated to be on the order of several ppm, at most. It is therefore inferred that the measured value represents the oxygen content of the bulk material.
The mean values of CPAA for the No. 1 and No. 2 samples are within the 68% confidence interval for the IGF-IRA method, whereas that for the No. 3 sample is beyond the interval. The following can be implicated as the cause of this discrepancy for the No. 3 sample. Considering the preparation process of the No. 3 sample, there is a strong possibility that the sample contained oxygen derived from hydroxide, because it was oxidized by water vapor. The IGF-IRA method can only detect oxygen in the oxide form, whereas total oxygen is determined by the CPAA. Therefore, the oxygen content from hydroxide accounts for the difference in the analytical results between both methods.
Since the number of analyses is limited, the trend shown in the table is not conclusive. One could argue, however, that the IGF-IRA method is an attractive candidate for the measurement method of the oxygen content in Mg and its alloys.
Conclusions
A novel technique for the measurement of oxygen in Mg and its alloys has been developed by introducing a multistep heating process to the conventional inert gas fusion analysis; the sample containing oxygen is fused with tin to form an eutectic mixture at 900 C in the graphite crucible, followed by a subsequent gradual temperature increase of up to 2000 C, which enables the evaporation of Mg from the mixture and solidification at the rim of the crucible. Following this process, the oxygen content of residual tin, including magnesium oxide, that remained at the bottom of crucible is measured by the conventional inert gas-fusion method. From a comparison with the results of charged-particle activation analysis, the IGF method is considered to be an attractive candidate for a measurement method of the oxygen content in Mg and its alloys.
